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STRAIN SENSORS BASED ON NANOWIRE 
PIEZORESISTOR WIRES AND ARRAYS 

Related Applications 
5 The present application is related to U.S. Provisional Patent Application 

serial no. 60/468,452, filed on May 7, 2003, to which priority is claimed pursuant 
to 35 use 119, and is a continuation-in-part application of PCT Patent 
Applications serial no. PCT/US03/14566. PCT/US03/14284, and 
PCT/US03/14286, all filed on May 7, 2003. to which priority is claimed pursuant 
10 to 35 use 120, 371 all of which applications are incorporated herein by 
reference. 

Background of the Invention 

1 . Field of the Invention 

15 The invention is directed to the field of electromechanical piezoresistive 

nanowire arrays, and in particular nanowire arrays fabricated with doped silicon 
or germanium, doped lll-V semiconductors such as GaAs, GaN and InAs 
systems, and ultra-thin metal films and used for real-time detection of biological 
and chemical analytes.. 

20 

2. Description of the Prior Art 
Quantification of Piezoresistors 

Fundamentally, all strain gauges are designed to convert mechanical 
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motion into an electronic signal. A piezoresistor is basically a device which 
changes its resistance when strained. The change in resistance is proportional to 
the strain experienced by the sensor. The strain sensitivity, which is also called 
the gage factor (GF), is given by: 
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where R is the resistance, and L the length of the piezoresistor. There are two 
components of the piezoresistive effect in most materials: (1) the geometric 
component and (2) the resistivity components. 

When a conducting wire is stretched, it becomes longer and thinner. Its 
10 resistance increases according to the Ohm's law. A good example of geometric 
effect is the liquid strain gauge, such as those made of mercury. When 
compressed, a tube of mercury becomes shorter in length and larger in diameter 
to maintain a constant volume. The resistance of such a strain gauge is given by 

=-^- — (2) 
A V 

15 where p is the resistivity, A is the cross sectional area, L is the length and V the 
volume of the strain gauge. 
Therefore, 



GF= 



= 2 



(3) 



20 This means that all liquid gauges have a gauge factor of 2, since essentially all 
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liquid medium is incompressible. Before replaced by solid stage strain gauge 
instruments, liquid gauges were extensively used in hospitals to monitor the 
fluctuations in blood pressure. 

Metal wires can also be used as strain gauges. Normally metal cannot be 
5 treated as incompressible nor is its resistivity constant. The gauge factors can be 
expressed by following Ohm's law: 



R^pL/A 

dRIR=dpl p+dLIL -dAI A (4) 
dLIL dLIL 



10 In the above, v is defined as Poisson's ratio . For different metals, this 

IdLIL 

quantity depends on the material mechanical properties as well as the 
conduction mechanism. In general metals have gauge factors between 2 and 4. 

In equation (3) above, the first component of the gauge factor is a pure 
geometrical mechanism, but piezoresistive sensing usually refers specifically to 
15 strain gauges in semiconductors, whose conducting band changes in response 
to stress. Some doped semiconductors have a gauge factor over 100 times 
greater than those attributable to geometric changes alone. 
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Gayge Factor JM^ GF 

Metal foil 1 to 5 

diR/R ThifY-film metail -^2 

GF = 

Se m i oond u ctor 80 to l SO 

dL/L Diffused semicofudyctor SO 6o 200 



Brief Summary of the Invention 

The invention is shown in the illustrated embodiment as a nanowire strain 
5 gauge comprising a piezoresistive wire having a cross sectional area of the order 
of 100 nm X 100nm or less and a means for measuring resistance change in the 
piezoresistive wire in response to a transverse force applied to the piezoresistive 
wire. 

In one embodiment the piezoresistive wire comprises a free standing 
10 nanowire clamped at opposing ends. The nanowire strain gauge may further 
comprise a biofunctionalized element suspended by and connected to the free 
standing nanowire. 

In another embodiment the nanowire strain gauge further comprises a 
flexure element and the piezoresistive wire comprises an embedded 
15 piezoresistive wire in the flexure element. The flexure element comprises in one 
illustrated embodiment at least one arm in a notched nanocantilevers and 
preferably in a pair of such parallel anus. The piezoresistive wire may further 
comprise an array of piezoresistive wires embedded in the flexure element. 
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In a first example the piezoresistive wire comprises a tliin metal film with a 
thickness of the order of tens of nanometers or less or of such thickness that it 
comprises a discontinuous metal island structure. Examples of such thin metal 
films comprise a pure metal selected from the group consisting of Au, Cr, Ag, Pd, 
5 Ni, Pt, Mn and alloys, Au-Ni, NiCr, Bi-Sb. Ag-Ni, Cu-Ni, and Pt-Cr. 

The piezoresistive wire may also comprise a thin metal film included in a 
bimorph structure comprised of a top layer comprised of the thin metal film and a 
bottom layer comprised of a higher resistive metal layer than the top layer, a 
semiconductor layer or an insulating layer. 
10 Still further the piezoresistive wire is composed at least in part of doped 

crystalline silicon, doped silicon carbide, doped GaAs, doped GaxAh-xAs, where 0 
< X < 1 or a doped AIGaN/GaN. AIN/GaN/InN or GaN/AIN/GaN heterostructure. 

The invention further comprises a method of manufacturing the nanowire 
strain gauge described above and the method of measuring stresses and strains 
1 5 at nanoscale dimensions. 

While the apparatus and method has or will be described for the sake of 
grammatical fluidity with functional explanations, it is to be expressly understood 
that the claims, unless expressly formulated under 35 USC 112, are not to be 
construed as necessarily limited in any way by the construction of "means" or 
20 "steps" limitations, but are to be accorded the full scope of the meaning and 

equivalents of the definition provided by the claims under the judicial doctrine of 
equivalents, and in the case where the claims are expressly formulated under 35 
USC 1 12 are to be accorded full statutory equivalents under 35 USC 112. The 
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invention can be better visualized by turning now to tlie following drawings 
wherein like elements are referenced by like numerals. 

Brief Description of the Drawings 

5 Fig. 1 is a microphotograph of a suspended nanowire with a circular 

element provided for carrying a biofunctionalized material. 
Fig. 2 is an array of piezoresistive nanowires. 

Fig. 3a is a microphotograph of a notched silicon cantilever that can be 
used to detect piconanoscale biological forces. 
10 Fig. 3b is a sketch of and integrated cantilever system with integrated 

nanowire piezoresistor array at its base. 

Fig. 4a is a diagram of a measurement circuit for integrated nanowire 
strain sensor. 

Fig. 4b is a schematic for an equivalent sensing circuit that is comprised of 
15 the nanowire resistance (Rs) and amplifier input resistance (Ro). The 
piezoresistive ac signal Vs = lb *GF*Rs is divided by the resistance network before 
amplification. 

Fig. 5a is an equivalent circuit of an ultra-thin metal film nanowire strain 
sensor. 

20 Fig. 5b is a graph of the Impedance I Z I vs frequency for a thin gold film of 

thickness of 5 nm. 

Fig. 5c is a graph of the phase angle vs frequency for a thin gold film of 
thickness of 5 nm. 

Fig. 6. Typical bimorph structure that is required for the construction of 
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nanowire sensors. 

Fig. 7 is a polar graph of the room temperature piezoresistive coefficients 
of p-type and n-type silicon on the (100) plane. 

Fig. 8 is a polar graph of the room temperature piezoresistive coefficients 
5 of p-type and n-type Germanium on the (100) plane. 

Fig. 9 is a polar graph of the absolute value of the piezoresistive constants 
of p-GaAs and n-GaAs for longitudinal piezoresistive coefficient tt in the (001) 
plane. The unit is 10*^^ Pa'\ 

Fig. 10 is a scanning electron microscopic photograph of an array of 
10 nanowires fabricated according to the invention in which the resonant 
frequencies of 18 different wires are measured and indicated. 

Figs. 1 1a - 1 1f is a process diagram of the method whereby the array of 
Fig. 10 can be made. 

Fig. 12 is a magnified scanning electron microscopic photograph of an 
15 array of nanowires fabricated according to the invention. 

Fig. 13 is a diagram showing the means by which the measure of the 
resonant frequencies of the nanowires in the array are individually measured 
using an electron beam. 

Figs. 14a and 14b are graphs of thermal response verses frequency 
20 showing the resonant spectrum of two different nanowires in the array. 

Fig. 15 is a graph of thermal response verses frequency showing 
measurement of higher harmonic modes of a nanowire in an array. 

Figs. 16a and 16b are conceptual diagrams illustrating the discontinuous 
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grain or island structure in an unstressed and stressed very thin metal film, 
respectively, which can be exploited in nanowire arrays to provide substantially 
enhance gauge factors. 

The invention and its various embodiments can now be better understood 
5 by turning to the following detailed description of the preferred embodiments 
which are presented as illustrated examples of the invention defined in the 
claims. It is expressly understood that the invention as defined by the claims 
may be broader than the illustrated embodiments described below. 

1 0 Detailed Description of the Preferred Embodiments 

Nanowire Piezoresistor Sensor Design 

If we were to sense a longitudinal force applied along the piezoresistor, 
the fractional change in resistance is, 

A/?//? = GF*F/EA (5) 

15 

where E is the Young's modulus, and F is the force applied along the 
piezoresistor. Clearly, in order to have a large change in resistance, we 
generally try to choose small diameters, a small Young's modulus and a large 
gauge factor when possible. In this sense, nanowire piezoresistors, having a 
20 cross sectional area of the order 100 nm^ in contrast to that of 10® nm^ in a 
commercial piezoresistor, will have an enhanced resistance change by a factor of 
10,000. 

In illustrated embodiment, we address a strain gauge 10 that is sensitive 
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to a transverse force. The expression for the resistance change with a transverse 
force load, F, is generally different from Eq. 5 above. We will consider two 
classes of nanowire devices: (1) free standing nanowires and (2) embedded 
nanowires. 

5 

a. Free Standing Nanowires 

The free standing nanowires 12 are extremely small doubly clamped 
nanobeams as shown in Fig. 1. The analysis of a beam, which is fixed at both 
opposing ends, is similar to that of cantilever, which is fixed only at one end. For 
10 a bimorph beam of dimension I x w x t comprised of a layer of piezoresistor 14 of 
thickness ts, best illustrated in Fig. 8, a point force load at the center of the beam 
causes a resistance change of, 

AR/R = F{^27^^l(t-tJ/wt^ 

15 Here tti is the piezoresistive coefficient of the sensing material and is closely 
related to the gauge factor. A simple comparison between Eq. (6) and Eq. (5) 
shows that for freestanding nanowires 12, the piezoresistive sensitivity can be 
further improved to a factor of 10®. 

A demonstrated version of these suspended beams or nanowires 12 has 
20 been fabricated by the inventors. A photograph of nanowires 12 is shown in Fig. 
1. The center circular ring 16 is designed as a biological trap to which biological 
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species can be attached after proper biofunctionalization. 

The nanowires 12 shown in Fig. 1 are fabricated by the use of electron 
beam lithography. The achievable size of the beam or nanowire 12 is around 50 
nm wide. By using conventional superlattice nanowire pattern transfer technique 
5 as described by N. A. Melosh, et.al. Science 300, 112, (2003) suspended beams 
or nanowires 12 less than 10 nm size can be realized. 

Fig. 2 is a photograph of an interdigitated nanowire array 18 fabricated by 
electron beam lithography. In a nanowire piezoreslstor array 18. the metal wires 
12 are replaced by piezoresistive materials, such as doped Si, GaAs and or other 
10 piezoresistive materials. 



b. Embedded Nanowires 

Due to the difficulty of maintaining a finite conductivity in a nanoscale 
suspended semiconductor, we also propose a second type sensor design based 

15 on nanowire piezoresistors. In PCT Patent Applications serial no. 
PCT/US03/14566, PCT/US03/14284, and PCT/US03/14286, incorporated herein 
by reference, we have demonstrated a biofunctionized nanomechanical device 
that can realize ultra-sensitive and ultra-fast biochemical analysis. A notched 
cantilever 22 is used to detect biological forces applied on the biofunctionalized 

20 cantilever surface, i.e. a surface coated with a material which selectively binds to 
a biological analyte. An example of such a device is shown in Fig. 3a. 

The scheme of embedded nanowire piezoreslstor array 20 is illustrated in 
Fig. 3b, where arrays of nanowires are patterned above two arms 24 of the 
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cantilever 22. The arms 24 of the cantilevers 22 act as an efficient strain 
concentrator and amplify the torque induced by biological species. The 
nanowires 12 can be laid out in parallel circuit as shown in Fig. 3b at the base of 
the cantilever 22 or in a serpentine serial circuit as shown in the inset in Fig. 3b. 
5 The above mentioned stress changes can be picked up in the integrated 

piezoresistor. The relative change in resistance can be written as, 

AR/R = -4 GF aJEt (8) 

where E is Young's modulus for the piezoresistive material, t is the thickness of 
10 the piezoresistive material and Os is the surface stress applied to a flexure 
element in which the wire is embedded. 

Nanowire fabrication - An example 

To provide a simple example how the nanowire array 18 is fabricated, an 
15 example is presented below. It is to be understood that many variations in the 

method described here can be practiced without departing from the principle of 

the disclosed invention. 

Fig. 10 is a perspective SEM image of nanowire array 18 fabricated by 

means of top-down electron beam lithography. The wires 12 are made of Cr/Au 
20 and have a dimension of 20|jm long, 50nm wide and 50nm thick. A cross 

sectional view of the nanowire fabrication process is sketched in Figs. 1 la - 1 1f. 

In Fig. 11a a bare silicon wafer 40 is provided. A layer 42 of Cr/Au is first 

evaporated on a silicon wafer 40 as shown in Fig. lib. A FOX resist 44 is then 

11 



Patent 
CIT.PAU.46 

spun on top of Cr/Au surface 42, followed by electron beam exposure of 
nanowire patterns to provide the patterned deposition of the resist as shown in 
Fig. 11c. After the development, the remaining FOX pattern 44 is employed as 
etch mask in an ion-milling instrument to remove Cr/Au 42 exposed between 
5 resist elements 44. The pattern in FOX is therefore transferred in to Cr/Au layer 
42 and partially defined into wafer 40 as shown in Fig. 1 1d. FOX resist 44 is then 
removed in the step of Fig. lie and a final isotropic silicon etch is used as shown 
in Fig. 11f to suspend Cr/Au beams 42 as wires 12. Fig. 12 is a SEM photograph 
of the top view of nanowire array 18 fabricated according to the method 
10 illustrated in Figs. 1 la - 1 1f in which array 18 is shown as an 8pm long array. 

In-situ Electron Beam characterization of nanowire resonator 

It should be clear that stresses and strains are not merely measured 
statically using nanowires 12, but also dynamically as a function of time. Hence, 

15 various types of nanostructures may incorporate or be coupled to the nanowires 
12 of the invention and the piezoresistivity of nanowires 12 may be measured as 
a function of time, namely frequency spectrums of the piezoresistivity are 
obtained. For example, the scale of nanowires 12 is such that thermal 
fluctuations or thermal molecular motions in the gaseous or fluidic environment in 

20 which nanowires 12 are immersed are large enough to oscillate or displace 
nanowires 12. The nanowires 12, being the equivalent of mechanical strings, or 
taking on the mechanical characteristics of whatever nanostructure in which they 
are incorporated or to which they are coupled, will have one or more resonant 
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frequencies responsive to tlie thermal fluctuations or thermal molecular motions, 
or to whatever other force may be present. 

In order to explore the piezoresistivity of nanowires 12, it is important to 
know the resonant frequency of the nanowires 12 through other methods. This 
5 will provide a narrow frequency range to search for the resonant peak when 
piezoresistive detection is employed. 

An in-situ electron beam detection has been proved to be very useful for 
this purpose. The measurements are performed at room temperature within a 
conventional, commercially available scanning electron beam microscope (SEM) 

10 as diagrammatically depicted in Fig. 13. Thermal excitation of nanowires 12 will 
drive them in motion at their respective resonant frequencies. An electron beam 
is focused on the edge of the target nanowire 12. When the electron beam is 
focused on a spot on the nanowire 12, the motion of the nanowire 12 will affect 
the signal detected in a secondary electron detector 46 (SE) or backscatter 

15 electron detector 46 (BSE). This signal can be detected by a spectrum analyzer 
48 or an oscilloscope equipped fast Fourier transform (FFT) program. The video 
signal from detector 46 has a band width greater than 10MHz in most 
commercial SEM. Therefore, a resonant frequency more than 10MHz can be 
detected. In Fig. 14a, which is a graph of the thermal response in atomic units 

20 verses frequency, a resonant frequency 50 as high as 11 MHz is observed for 
wire 12, for example a second wire in Spm long nanowire array 18. Fig. 14b is a 
graph of the themrial response in atomic units verses frequency, which shows the 
thermal resonant peak 52 of a wire 12 which is the twentieth wire in the same 



13 



Patent 
CIT.PAU.46 

array 18 of nanowires 12. The inset of Fig. 14b illustrates the resonance peak 52 
in a magnified view. The quality factor is about 1800. Due to the intrinsic high 
resolution of this method, higher harmonic modes of thermal mechanical motion 
can be measured. Data is shown in Fig. 15 which is a graph of the thermal 
5 response in atomic units verses frequency, and which is the measured result for 
the 18^^ wire 12 in a 20|jm long nanowire array 18, showing a resonant peak 56 
and two higher harmonic peaks 58 and 60. 

This in-situ measurement can measure the resonant frequency of each 
individual wire 12 in a nanowire array 18 individually. Therefore it is extremely 

10 useful for characterizing a large array 18 of nanowires 12. Electrical connection 
to each individual wire 12 is not required for such a method. Fig. 10 lists the 
resonant frequencies of different wires 12 in the array 18 depicted there. This 
electron beam spectroscopy of a nanomechanical resonator can be applied to 
detect dynamic motion or static motion of a nanomechanical system of other 

1 5 configurations and geometries as well. 

Material Aspect Of Making Nanowire Piezoresistor Anrays 

Consider now the materials that can be appropriately used to construct 
piezoresistive nanowires 12. Generally speaking, all conducting materials are 
20 piezoresistive, as we have explained above. We will discuss two categories of 
piezoresistors: (1) piezoresistors of geometrical effect and (2) piezoresistors with 
varying piezoresistivity. 
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(1) a. Metal thin film piezoresistor 

Geometrical effect piezoresistors normally provide a smaller gauge factor, 
nevertheless they represent a significant amount materials used in commercial 
gauge sensors. These materials are mostly highly conductive thin metal films 
5 with very low resistivity. To obtain a larger change in the absolute value of 
resistance, a lot of effort has been expended to increase the resistance of the 
sensors. However, for high frequency applications, it is beneficial to maintain a 
low sensor resistance in order to match the resistance of the sensor with that of 
the measurement circuit, which is typically 50 Q. Fig. 4a shows a representative 
10 measurement diagram. The signal appear at the input of the network analyzer or 
lock-in amplifiers is, 

/?+/?„ (9) 

5 0 

where Ro is the input impedance of the measurement amplifier as shown in Fig. 

15 4b and Rs is thin film or nanowire resistance, and Vs is the ac signal (lb x GF x Rs) 
applied signal across the thin film with lb the bias current applied to the nanowire 
12. The maximum signal power spectrum is transferred only when Rs = Ro- In this 
way, the transducer signal will not be significantly degraded. Normally the sheet 
resistance of semiconducting thin film is on the order of 10^ Q to 10^ Q. The two- 

20 terminal DC resistance of a high aspect ratio nanowire 12 could be 10^ Q. This 
makes semiconducting nanowires 12 extremely difficult to be used as a sensing 
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unit in high frequency mechanical resonator. On the other hand, the resistance of 
metal films can be easily trimmed to specific values by tuning the thickness of the 
film. 

On the other hand, comparing to the resistive wires, the Johnson noise, 

5 ~ ^j^TikTR^ ^ where k is the Boltzman constant, can be reduced by a factor 

of about 40. Therefore, the signal-to-noise ratio can be compensated even 
though the gauge factor is about 50 times weaker than for Si wires. The fact that 
metallic nanowires 12 can work at high frequencies offers another benefit: The 
drop of 1/f noise that is present in most low frequency strain gages. 

10 Comparing to semiconductor gauges, metal films usually have lower 

temperature coefficient of resistivity (TOR), and lower temperature coefficient of 
gauge factor (TGGF). (See table 2.) 



Technology 


GF 


TCR (xIO VK) 


TCGF (xlQ- 


Long-term 
stability 


Metal-film 


2 


10x10"VK 


IOOxIOVK 


excellent 


Thick-film 


3 v20 


50x1 0"VK 


300x1 0"VK 


very good 


Semiconductor 


50 


1 500x1 OVK 


2000x1 OVK 


good 



15 Metal thin film sensors can be operated under harsh circumstances, such 

as high temperatures and high pressure. They are also readily scalable without 
the depletion limit that exists in most doped semiconductors. The minimum 
dimension for a semiconductor to be conducting varies from a few nanometers to 
hundreds of nanometers, depending on the carrier density of the semiconductor. 

20 This problem becomes even more severe when dry etching damage is present. 
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Such a process generally becomes obligatory at nanometer length scale. 

The invention thus contemplates the use of thin and ultra-thin metal films 
for strain sensors. The very thin-films typically have thicknesses in the range of 
tens of nanometers and are characterized by a discontinuous metal island 
5 structure as shown in Figs. 16a and 16b. A sketch of such a discontinuous metal 
island structure of the grains is shown in Fig. 16a when unstressed. The grain 
structure under stress is illustrated in Fig. 16b where the gap 54 in the grain 
structure has been widened by the stress applied to the film. This especially true 
when these metals are used in a nanowire geometry. The discontinuous type of 
10 gold thin film has demonstrated a gauge factor from 24 to 48, a much higher 
value than that of the continuous type which is about 2.6. For ultra thin films, it is 
not the thickness of thin metal film that determines the sensitivity of the 
discontinuous type of ultrathin film. 

Pure metal such as Au, Cr, Ag, Pd, Ni, Pt, Mn and alloys, Au-Ni, NiCr, Bi- 
15 Sb, Ag-Ni, Cu-Ni, and Pt-Cr are used as materials of metal thin-film-type strain 
gauges. Their simplicity, reliability and ability to perform in a wide range of 
environmental conditions have made these gauges available in may shapes, 
patterns and configurations. The Table below summarizes the gauge factors of 
thin metal films that have been explored in literature. 



Material 


Composition 


GF 


Cr 


100 




Au 


100, continuous 


2.6 
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Au 


100, discontinuous 


24.48 


Ag 


100, discontinuous 


45 


Pd 


100 


2.5 


Pt 


100 




Ni 


100 


40 


Constantan 


45 Ni, 55 Cu 


2.1 


Ni-Ag 


35.50 Ni, Ag 




Karma 


74 Ni, 20 Cr, 3 Al, 3 Fe 


2.0 


Isoelastic 


36 Ni, 8 Cr, 0.8 IVIo, 55.5 Fe 


3.6 


Nichrome V 


80 Ni, 20 Cr 


2.1 


Pt-W 


92 Pt, 8 W 


4.0 


Pd-Cr 


87 Pt, 13 Cr 




Armour D 


70 Fe, 20 Cr, 10AI 


2.0 



However, constructed at a comparably large scale, they have a lower sensitivity 
than nanowires 12 implemented according to the invention. 

Our choice of thin film metallic materials to construct nanowires 12 is 
5 largely dependent on the actual fabrication process and the conductivity of the 
metal. Many methods of deposition methods can be employed: evaporation, 
sputtering, CVD etc. For embedded metal wires, the design is straightfonA/ard in 
the sense that only the surface strain is required to be measured. In the case of 
free-standing metal nanowires, the fabrication is not trivial. Usually a bimorph 
10 structure has to be incorporated to avoid the compensation of tensile strain and 
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compressive strain at the top surface 26 and bottom surface 28 of the suspended 
beam or wire 12 as shown in Fig. 8. The bottom layer 28 of the bimorph structure 
is usually insulating or has higher resistivity than the piezoresistor so that most of 
the current flows through the piezoresistor to gain maximum strain sensitivity. For 
5 thin film metal piezoresistors, the bottom layer 28 could be simply another higher 
resistive metal layer such as Au/Cr or a semiconductor such as Metal/Si, 
Metal/SiC, Metal/GaAs etc, or an insulating layer such as Metal/Si02, Metal/SiN, 
Metal/SiNO etc. 

10 b. Si Based Nanowire Piezosensors 

It is well known that piezoresistance of silicon can be used as a sensing 
element for mechanical sensors, such as diaphragm type pressure sensors. This 
is due to the excellent electrical and mechanical properties of silicon and due to 
the availability of integrated circuit compatible fabrication processes. 
15 First consider the mechanical properties of silicon. For single crystal 

silicon of cubic structure, the Young's modulus E depends on the crystal 
orientation, 

^ ' = ^11 " ^(^11 " ^12 " 7^44)^ (10) 

20 where f = + Y2^ Y3^ + Ya^ Yi^ and yi, Y2 and ya are the direction cosines, 

and S11, S12 and S44 are the matrix elements in the strain tensor. The resulting 
Young's moduli for silicon in the predominant crystallographic directions are 
given in Table 4. 
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Si 


Si 


Si 




<100> 


<110> 


<111> 


E (GPa) 


166 


170 


190 


P (kg/m^) 


2333 


2333 


2333 



In most case, the mechanical anisotropy of silicon is not significant and can be 
ignored in the sensor design. Piezoresistive coefficients are frequently used in 
5 semiconductor strain gauges. A piezoresistor responds to stress a as, 

~ = (11) 

Where ui, is the longitudinal piezoresistive coefficient. There also exists a 
10 transverse piezoresistive coefficient, usually denoted as iit. Analogously to the 
modulus of elasticity, the piezoresistive coefficients are determined by Tr11.TT12.and 

TT44 

TTt = TT11 - 2(TT11 ~ TT12 - TT44)r (12) 

15 

Coefficients for p-type and n-type silicon is given in the table below. 
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[W^ m^/N] 


[10^^ m^/N] 


[10" m^/N] 


n-Si 


(11.7 Dcm) 


-102.2 


53.4 


-13.6 


p-Si 


(7.8.7 Dcm) 


6.6 


-1.1 


138.1 


n-Ge 


(9.9 Dcm) 


-4.7 


-5.0 


-137.9 


p-Ge 


(15 Dcm) 


-10.6 


5.0 


46.5 



Fig. 7 is a graph which shows the room temperature piezoresistive 
coefficients of both p-type and n-type silicon in the (100) plane. It can be seen 
that p-type silicon has its maximum piezoresistive coefficient of -72 x 10"'''' m^/N 
5 in the <110> direction; while n-type silicon has its maximum of -103 x 10'^^ m^/N 
in the <100> direction. Although n-type silicon can achieve piezoresistive 
coeffecients much higher than that of p-type silicon, all piezoresistive sensors 
fabricated to date, including pressure sensors, accelerometers, and AFM 
cantilevers are doped p-type. This is partially for historical reasons. Traditional 

10 MEMS devices rely on wet etching of Si, such as TMAH and KOH etchants, 
which etch silicon preferentially to expose the (111) plane. Therefore the 
membrane edge on the front side is always in parallel to <110> direction, where 
p silicon has maximum piezoresistive coefficient while n silicon has minimum 
piezocoefficient. B y using a deep reactive ion etching DRIE technique, 

15 nanowires or nanocantilevers 12 can be easily patterned and released along any 
chosen crystal orientation, therefore improving the piezoresistivity. 

The difficulty in making ohmic contacts between metal and n-type silicon is 
another concern. But this limitation can be also overcome with current fabrication 
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techniques, for example, Al contact deposition followed by ion-cleaning of the 
contact windows. 

Both p-type and n-type germanium can be used as strain sensor. The 
piezocoefficients are listed in the Table above and plotted in Fig. 8. germanium 
5 wires have the benefits of higher conductivity and ease in making ohmic 
contacts. 

c. SiC Piezoresistor 

Silicon carbide has long been viewed as a potentially useful 
10 semiconductor for high-temperature applications due to its excellent electrical 
characteristics. Its wide bandgap (--3.0 eV), high-breakdown electric field 
(2.5x1 O^Vcm"^) and high electron saturation velocity (2x10^cm/s) make it a 
superior candidate for electronic applications in a harsh environment. Added to 
these, SiC exhibits excellent thermal and mechanical properties at high 
15 temperatures and fairly high piezoresistive coefficients, a combination which 
makes it suitable for use as an electromechanical sensor. 

of. Groups lll'V Based Semiconductor Nanowire Piezosensors 

20 I . The piezoresistive effect of GaAs and AIGaAs 

It is generally known that GaAs electronic circuits have a higher tolerance 
in high temperature and high radiation environments than that in silicon 
integrated circuits. On the other hand, GaAs membranes can be easily obtained 
by selectively etching the GaAs/AIGaAs heterostructures. In addition, GaAs 
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nanowires are compatible with integrated high electron mobility transistor 
(HEMT) amplifiers. This becomes extremely important when the impedance of 
the piezoresistive wires are significantly larger than the input resistance of the 
measurement circuits. 

As discussed above, it has been well established that the piezoresistive 
effect of silicon is due to a directional dependent modulation of the average 
mobility in response to a uniaxially applied stress. But unlike Si, GaAs is a direct 
band semiconductor. This effect is not as high. Fig. 9 shows the a typical plot of 
the piezoresistive coefficients of p-type GaAs. 

In addition to the effect of mobility changes, nonuniform stress distribution 
introduced into GaAs can produce piezoelectric charge densities and effectively 
shift the free charge densities originally established by doping. This effect 
becomes dominant for low doping level GaAs. 

GaxAlq-xAs with x lying between 25 and 40% can be used to develop 
highly sensitive strain gauges. Deep impurity states (DX centers) play a dominant 
role in the electrical conduction band. In contrast to shallow impurity states, 
which exhibit a relatively small pressure coefficient, the energy of DX states 
compared to the f minimum of the conduction band decreases at a rate of 
10meV/kbar. As a consequence, one could observe a significant piezoresisitvity 
effect. In one embodiment, a device containing an optimized AlxGai.xAs layer 
with thickness in the micrometer range, grown on semi-Insulating GaAs substrate 
showed a gauge factor as high as 60. 
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//. The piezoresistive effect ofAIGaN based materials 

Solids with a large bandgap such as diamond or gallium nitride are prime 
candidates for a variety of sensor applications, particularly at high temperatures 
and in harsh environments. On the one hand, the large band gap ensures 
5 minimal problems due to unwanted optical or thermal generation of charge 
carriers. On the other hand, the strong chemical bonding between the constiuent 
atoms not only widens the forbidden gaps in the electronic density of states, but 
at the same time gives rise to a quite favorable mechanical, thermal and 
chemical stability of this class of materials. 

10 Strong piezoelectricity provides unique possibilities for utilizing AIN-GaN 

materials in an emerging field of high temperature piezoelectronics. The 
piezoelectric effect plays an important role in GaN layers. AIGaN-GaN, AIN-GaN- 
InN heterostructures and quantum wells. Strain-induced electric fields can 
significantly modify the electrical properties of GaN-based devices by affecting 

1 5 the free carrier concentration. 

High dynamic pifezoresistive effect with a gauge factor of about 70 has 
been reported in n-type GaN layers. A large static gauge factor of about 50 was 
measured in GaN/AIN/GaN semiconductor-insulator-semiconductor structures. 
In AIN-GaN short range superlattices, it has been demonstrated that GF can 

20 reach 90, which is close to GFs of silicon diaphragms. 

The piezoresistivity of AlxGai-xN layers with different Al contents and 
electron concentration have been investigated in the prior art. A strong increase 
of the gauge factor with increasing Al content is observed. The corresponding 
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value is negative and its absolute value increases from 3.5 to 25.8 if the Al 
concentration is increased from x = 0 to 0.35. In addition, a remarkably high 
gauge factor of -85 is observed for modulation doped AIGaN/GaN high electron 
mobility transistors containing a polarization induced two-dimensional electron 
5 gas. 

Many alterations and modifications may be made by those having ordinary 
skill in the art without departing from the spirit and scope of the invention. 
Therefore, it must be understood that the illustrated embodiment has been set 
forth only for the purposes of example and that it should not be taken as limiting 

10 the invention as defined by the following claims. For example, notwithstanding 
the fact that the elements of a claim are set forth below in a certain combination, 
it must be expressly understood that the invention includes other combinations of 
fewer, more or different elements, which are disclosed in above even when not 
initially claimed in such combinations. 

1 5 The words used in this specification to describe the invention and its 

various embodiments are to be understood not only In the sense of their 
commonly defined meanings, but to include by special definition in this 
specification structure, material or acts beyond the scope of the commonly 
defined meanings. Thus if an element can be understood in the context of this 

20 specification as including more than one meaning, then its use in a claim must be 
understood as being generic to all possible meanings supported by the 
specification and by the word itself. 

The definitions of the words or elements of the following claims are, 
therefore, defined in this specification to include not only the combination of 

25 elements which are literally set forth, but all equivalent structure, material or acts 
for performing substantially the same function in substantially the same way to 
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obtain substantially the same result. In this sense it is therefore contemplated 
that an equivalent substitution of two or more elements may be made for any one 
of the elements in the claims below or that a single element may be substituted 
for two or more elements in a claim. Although elements may be described above 
as acting in certain combinations and even initially claimed as such, it is to be 
expressly understood that one or more elements from a claimed combination can 
in some cases be excised from the combination and that the claimed 
combination may be directed to a subcombination or variation of a 
subcombination. 

Insubstantial changes from the claimed subject matter as viewed by a 
person with ordinary skill in the art, now known or later devised, are expressly 
contemplated as being equivalently within the scope of the claims. Therefore, 
obvious substitutions now or later known to one with ordinary skill in the art are 
defined to be within the scope of the defined elements. 

The claims are thus to be understood to include what is specifically 
illustrated and described above, what is conceptionally equivalent, what can be 
obviously substituted and also what essentially incorporates the essential idea of 
the invention. 
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